We create and study persistent currents in a toroidal two-component Bose gas, consisting of 87 Rb atoms in two different spin states. For a large spin-population imbalance we observe supercurrents persisting for over two minutes. However we find that the supercurrent is unstable for spin polarisation below a well defined critical value. We also investigate the role of phase coherence between the two spin components and show that only the magnitude of the spin-polarisation vector, rather than its orientation in spin space, is relevant for supercurrent stability.
Persistent currents are a hallmark of superfluidity and superconductivity, and have been studied in liquid helium and solid state systems for decades. More recently, it became possible to trap an atomic Bose-Einstein condensate (BEC) in a ring geometry [1] [2] [3] [4] [5] [6] [7] [8] and induce rotational superflow in this system [3, 5, 7, 8] . This offers new possibilities for fundamental studies of superfluidity in a flexible experimental setting. Both long-lived superflow [5, 7] and quantised phase slips corresponding to singly-charged vortices crossing the superfluid annulus have been observed [7, 8] .
So far experiments on persistent currents in atomic BECs were limited to spinless, single-component condensates. Extending such studies to multi-component systems, in particular those involving two or more spin states [9] [10] [11] , is essential for understanding superfluids with a vectorial order parameter and for applications in atom interferometry [12, 13] . Persistent flow in a two-component Bose gas has been studied theoretically [14] [15] [16] [17] but many issues remain open. Even the central question of whether, and under what conditions, this system supports persistent currents has not been settled.
In this Letter, we study the stability of supercurrents in a toroidal two-component gas consisting of 87 Rb atoms in two different spin states. For a large spin-population imbalance we observe superflow persisting for over two minutes and limited only by the atom-number decay. However at a small population imbalance the onset of supercurrent decay occurs within a few seconds. We demonstrate the existence of a well defined critical spin-polarisation separating the stable-and unstablecurrent regimes. We also study the connection between spin coherence and superflow stability, and show that in our system only the modulus of the spin-polarisation vector is relevant for the stability of the supercurrent. The existence of a critical population imbalance was anticipated in Refs. [15] [16] [17] , but quantitative comparison with our measurements will require further theoretical work.
Our setup is outlined in Fig. 1(a) . We load a BEC of N ≈ 10 5 atoms into an optical ring trap of radius 12 µm, created by intersecting a 1070 nm "sheet" laser beam and an 805 nm "tube" beam [7] . The sheet beam confines the atoms to the horizontal plane with a trapping frequency of 350 Hz. In-plane, the tube beam confines the atoms to the ring with a trapping frequency of 50 Hz. The trap depth is about twice the BEC chemical potential, µ 0 /h ≈ 0.6 kHz, and varies azimuthally by < 10%.
Our tube trapping beam is a Laguerre-Gauss LG 3 laser mode in which each photon carries orbital angular momentum 3h. We use the same beam to induce a supercurrent via a twophoton Raman process [3, 7, 18] . We briefly (200 µs) pulse on an auxiliary TEM 00 Gaussian beam, copropagating with the LG beam, to transfer all atoms between two spin states, |↑ and |↓ [ Fig. 1(b) ]. Each atom absorbs angular momentum 3h from the LG beam and we thus create a (single-component) current corresponding to a vortex of charge q = 3 trapped at the ring centre. Such current can persist for over a minute and decays in quantised q → q − 1 steps, corresponding to 2π phase slips in the BEC wave function [7] . The |↑ and |↓ states also define the spin space for our twocomponent experiments. To create a two-component current we prepare a pure |q = 3, ↓ state and then couple |↑ and |↓ by a radio-frequency (RF) field, which carries no orbital angular momentum and does not affect the motional state of the atoms. The |↑ and |↓ are two F = 1 hyperfine ground states, m F = 1 and 0, respectively. The m F = −1 state is detuned from Raman and RF resonances by the quadratic Zeeman shift in an external magnetic field B of 10 gauss.
After preparing a rotating (q = 3) cloud in a specific spin state, we let it evolve in the ring trap for a time t and then probe it by absorption imaging after 29 ms of time-of-flight expansion. We separate the two spin components with a SternGerlach gradient and directly measure the longitudinal spin-
is the number of atoms in the |↑ (|↓ ) state [ Fig. 1(c) ]. The rotational state, 0 ≤ q ≤ 3, is seen in the size R of the central hole in the atomic distribution [7] , arising due to a centrifugal barrier [3] . As shown in Fig. 1(d) , the R values are clearly quantised [7, 8] , allowing us to determine q with > 99% fidelity [19] .
In Fig. 2 we illustrate the dramatic difference between superflow stability in a P z = 1 single-component gas and a P z = 0 two-component system. The two different P z states are created, respectively, by a (140 µs) π and a (70 µs) π/2 RF pulse at t = 0. In the pure |↑ state [ Fig. 2(a) ] the current persists for over two minutes, with the BEC always remaining in the q = 3 state for ≈ 90 s. In contrast, at P z = 0 [ Fig. 2(b) ] the first phase slip occurs within 5 s and the current completely decays within 20 s. During the decay we always observe the two spin components to be in the same q state.
Supercurrent stability generally depends on the number of (Pz, t) . The transition between stable-and unstablecurrent regimes occurs at 0.6 < Pz < 0.7. In the stable regime the current eventually decays due to the atom-number decay.
condensed atoms [5, 7] and at P z = 0 the atom number per spin state is halved. However, from the N -decay curves in Fig. 2(c) we see that this alone cannot explain the difference in superflow stability. At P z = 1 rotation still persists for N ≈ 10 4 while at P z = 0 it stops already at N > 4 × 10 4 . Moreover, if we apply a π/2 RF pulse at t = 0 but then immediately remove all the |↑ atoms from the trap with a resonant light pulse, the current again persists for over a minute. This unambiguously confirms that in Fig. 2(b) the superflow is inhibited by the presence of both spin components.
We now turn to a quantitative study of the supercurrent stability as a function of the spin-population imbalance (Fig. 3) . We tune P z by varying the length ∆t of the RF pulse applied at t = 0, and measure the q state of the majority (|↑ ) spin component as a function of t. Whenever the radius R is fittable for the minority component we get the same q for both spin components in > 99 % of cases. However for N ↓ < 10 4 we cannot determine q for the minority component.
Based on ≈ 1600 measurements of q(P z , t), in Fig. 3 we reconstruct the complete current stability diagram for 0 ≤ P z ≤ 1 [20] . The contour plot of q(P z , t) is obtained by spline interpolation through a 3D mesh of data points with integer q values. The blue-shaded region corresponds to rotation times for which no phase slips occur. We clearly distinguish two qualitatively different regimes. For large P z the superflow is fundamentally stable and limited only by the atom-number decay; for low P z the current starts to decay within a few seconds. A sharp transition between the two regimes occurs at 0.6 < P z < 0.7.
To fully understand these observations, we need to distinguish a coherent superposition of |↑ and |↓ states from an incoherent mixture. The RF pulse at t = 0 corresponds to rotation around the y axis on a Bloch sphere and puts the BEC in a superposition state |θ = sin(θ/2) |↑ + cos(θ/2) |↓ . Here θ = Ω R ∆t, where Ω R is the RF Rabi frequency. In this state P z = − cos(θ) but the gas is still fully spin-polarised; the po- larisation vector is P = (sin(θ), 0, − cos(θ)) and P ≡ | P | = 1. Subsequently the spin superposition decoheres, due to both intrinsic spin diffusion [21] and small magnetic field inhomogeneities [22] . P z is a constant of motion but the transverse polarisation decays and P → P z [ Fig. 4(a) ]. We study the transverse-polarisation decay in a Ramseytype experiment. Starting in the |↓ state we apply two π/2 RF pulses separated by time t and then measure P z . The first pulse creates a purely-transverse P = (1, 0, 0) and the second one maps the decaying P into P z [23] . As seen in Fig. 4(b) , we observe a very long spin-coherence time, t coh ∼ 10 s. This means that in the unstable regime in Fig. 3 phase slips occur already at t < ∼ t coh , when we cannot equate P and P z . We also perform a complementary experiment in which we adiabatically dress the rotating BEC with the RF field. In presence of the RF field of frequency ω, the effective magnetic field is B eff = (2h/µ B )(0, Ω R , −δ), where µ B is the Bohr magneton and δ = ω − µ B B/(2h) is the detuning from resonance. On resonance, B eff ∝ŷ. At t = 0 we adiabatically (in 100 ms) sweep δ from a large value ( Ω R ) to zero, thus preparing a P z = 0 superposition state Fig. 4(c) ]. At this point, |y is equivalent to the |π/2 state prepared by an RF pulse, which does not show long-term current stability [ Fig. 2(b) ]. However, if we leave the RF field on during the in-trap evolution, |y is an eigenstate of the Hamiltonian and the coherence between |↑ and |↓ components does not decay [24] . In this case P z = 0 supercurrent is stable and persists for more than a minute [ Fig. 4(d)] .
These experiments clearly show that for analysing current stability in a partially polarised gas we must distinguish P z and | P |. With this understanding, we now quantitatively characterise the onset of the supercurrent decay in Fig. 3 by the time τ at which the probability that the first phase slip (q = 3 → 2) has occurred is 50 %; this closely corresponds to the border of blue-and white-shaded regions.
In Fig. 5(a) we see that τ rapidly increases for P z > ∼ 0.64, saturating at 100 s due to the N -decay. We now combine our measurements of τ and the transverse-polarisation decay f (t) [Fig. 4(b) ] to calculate | P | at the onset of supercurrent decay:
In Fig. 5(b) we clearly distinguish two regimes: one where P (τ ) is constant (within errors) and one where P (τ ) = P z . We thus complete our physical picture and accurately determine the critical spin polarisation P c :
(1) If P z > P c , then | P | never drops below P c , the supercurrent is fundamentally stable, τ t coh and P (τ ) = P z . (2) If P z < P c , supercurrent decay starts at τ < ∼ t coh , when the decaying P becomes equal to P c . From all the data in this regime we get P c = 0.64 (1) .
For 0 ≤ P z ≤ P c the value of τ varies from 4 s to 15 s and the orientation of P (τ ) = ( P 2 c − P 2 z , 0, P z ) in spin space varies from purely transverse to purely longitudinal, but the onset of the supercurrent decay always occurs at the same | P |. We thus conclude that the region of supercurrent stability is in fact the outer shell of the Bloch sphere where | P | > P c [ Fig. 5(c) ]. This spin-rotational symmetry is intuitive but we note that it need not be universal. In our 87 Rb gas the strengths of intra-and inter-component interactions are almost identical, so the Hamiltonian is almost invariant under rotations in spin space. In the future it would be very interesting to study supercurrent stability as a a function of both intra-and intercomponent coupling strengths.
The existence of a critical population imbalance for superflow stability was predicted in Refs. [15] [16] [17] , assuming equal intra-and inter-component interactions and no intercomponent coherence. The current instability was associated with out-of-phase density fluctuations in the two components. However the agreement on the value of P c has not been reached. In Refs. [15, 16] it was predicted that any q > 1 flow is unstable for essentially any P < 1, but according to Ref. [17] such current is stable above some non-trivial interaction-dependent P c . The latter conclusion qualitatively agrees with our observations. However, none of the existing theories is quantitatively applicable to our experiments, since they are limited to the simplified cases of reduced dimensionality and very weak interactions. Moreover, the interplay of the spin and rotational degrees of freedom may involve new physical effects. Specifically, the dynamics of the local spin vector on the Bloch sphere can result in a Berry phase and unwind the "scalar" phase describing the rotational flow; the timescale for this process would be the same as the spindecoherence seen in a Ramsey experiment [25] .
In summary, we have observed persistent currents in multiply connected spinor condensates, demonstrated the existence of a critical spin polarisation for stable superflow, and elucidated the role of spin coherence in supercurrent stability. Our results should stimulate further theoretical work on this fascinating many-body problem and are also relevant for applications in trapped-atom interferometry. An important next step would be to study supercurrents in a two-species system with significantly different intra-and inter-component interactions.
